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Scattering scanning near-field optical microscopy (s-
SNOM) has been demonstrated as a valuable tool for 
mapping the optical and optoelectronic properties of 
materials with nanoscale resolution. Here we report 
experimental evidence that trapped electric charges 
injected by electron beam at the surface of dielectric 
samples affect the sample-dipole interaction, which has 
direct impact towards the s-SNOM image content. 
Nanoscale mapping of surface trapped charge holds 
significant potential for the precise tailoring of the 
electrostatic properties of dielectric and semi-conductive 
samples, such as hydroxyapatite, which has particular 
importance with respect to biomedical applications. The 
methodology developed here is highly relevant to 
semiconductor device fabrication as well. 
OCIS codes: (180.4243) Near-field microscopy; (160.1435) Biomaterials; 
(090.1995) Digital holography; (120.6650) Surface measurements, figure.  
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Scattering Scanning Near-field Optical Microscopy (s-SNOM) has 
been demonstrated in the past years as an extremely effective tool for 
imaging and mapping the surface properties of materials in the 
nanoscale. The complex contrast mechanisms of s-SNOM have enabled 
a wide range of applications such as electric permittivity mapping [1, 
2], infrared spectroscopy measurements [3-5], and plasmonic 
response investigations [6, 7] with resolution beyond the diffraction 
limit [8, 9]. The functionality of this microscopy tool is based on local 
interactions between the tip of a nano-probe that is scanned across the 
sample surface and the molecules on the sample surface in the 
presence of an incident laser beam focused on the tip. The electric field 
component of the incident laser beam creates in the tip an oscillating 
electric dipole which emits light with the same wavelength as the 
incident beam [10, 11]. When the tip is in close proximity to the surface 
of a sample (on distances much shorter than the wavelength), the light 
emitted by the electric dipole is influenced (in terms of amplitude and 
phase of the electric field component) by the local dielectric function of 
the sample. Detecting the light emitted by the oscillating electric dipole 
requires higher-harmonic demodulation and interferometric detection 
techniques to suppress the background light (mainly composed by 
direct or multiple reflections from the probe and sample) and to 
facilitate the reconstruction of the near-field optical signal amplitude 
and phase. 
Our experiment brings evidence that trapped charges (e.g. injected 
by an electron beam or an ion beam, both of which are common in 
semiconductor device processing and biomaterials sterilization) 
influence the oscillating dipole from the tip and thus directly impact the 
image contrast in s-SNOM. We exploit this phenomenon to use s-SNOM 
imaging for mapping trapped surface charge with nano-scale 
resolution. 
The interaction between trapped electrical charges and an 
oscillating dipole in s-SNOM can be understood by recalling that the 
latter models the oscillations of plasma electrons from the metal tip. In 
the first half-cycle of the external oscillating electric field (Fig. 1a) the 
field points to the tip from the sample. The plasma electrons in the tip 
are then directed towards the sample. In the case when no trapped 
charge is present on the surface, we assume that at the maximum 
elongation of the dipole an electric field of amplitude Eo is generated at 
the tip. Conversely, when a trapped charge is present at the surface in 
the proximity of the tip, a repulsive electric force occurs between the 
trapped charge and the plasma electrons at the tip-material surface 
interface. As a result, the elongation of the plasma electrons’ oscillation 
decreases, which results in a decrease ΔE of the amplitude of the 
generated electric field. In the second half-cycle of the incident electric 
field (Fig. 1b) the field is pointing from the tip to the sample. In this 
case, the plasma electrons from the tip are directed backwards from 
the sample. Trapped charges now cannot affect the plasma electrons 
because the electric field of the trapped charge is screened by the 
nuclei of the metal atoms. 
Within this context, let us consider the emitted electric field intensity 
to have the simple form ( )sinoE tω , where ω is the angular frequency 
and t is time, and integrate it over a period T. In the absence of any 
trapped surface charge the light intensity will be proportional to the 
value 2 2oE . Conversely, with trapped surface charges the emitted 
electric field intensity will be ( ) ( )sinoE E tω− Δ ⋅  in the first half-cycle 
and ( )sinoE tω  in the second half cycle. The intensity of the emitted 
light will then be proportional to a reduced factor, 
( )22 4 4o oE E E+ − Δ . This inherent variation in the light intensity 
due to the presence of trapped surface charge can be detected with 
nanoscale resolution in an s-SNOM. 
 
 
Fig. 1. Schematics of the localized surface plasmons excited by the 
oscillating electric field of an incident laser beam. The displacement of 
the plasma electrons (negative charge) relatively from the fixed lattice 
of atoms leaves a positive charge in the opposite direction; a) in the 
first half-cycle of the oscillating electric field, the plasma electrons from 
the tip are affected by the presence of the charge trapped on the 
surface of the sample; b) in the second half-cycle of the oscillating 
electric field, the trapped charge has no influence on the plasma 
electrons from the tip as the field is screened by the positive charge. 
We test the above hypothesis in a practical setting on a 
hydroxyapatite (HA) thin film deposited on a silicon wafer by a spin-
coating method. HA is one of the key biomaterials currently used for 
dental and orthopedic implants. Its dielectric properties and induced 
polarization have been investigated in the recent years because of the 
influence of electron beam injected trapped charge in stimulating 
specific protein binding through Coulumbic interactions [12, 13]. 
Details about the HA thin films fabrication procedure and about the 
ring-shaped negative charged areas can be found in previous 
publications [14-17]. Figure 2 shows atomic force microscopic images 
in cross-section. The thickness of the HA layer has been found to be 
approximately 560 nm. A 20 keV energy electron beam was used to 
irradiate the HA surface in a scanning electron microscope chamber at 
a pressure of 10-4 Pa. As a result, a trapping of charge at the location of 
surface defects takes place without any modification of the topography 
[14-17]. As it has been reported by these authors with the help of 
Kelvin Probe Force Microscopy (KPFM), phase AFM and 
photoluminescence (PL) measurements, the trapped charges injected 
from the electron beam lead to a negatively charged ring-shaped area 
on the surface. 
In addition to the formation of a negative charged area on the HA 
surface, electron beam can cause dissociation of residual hydrocarbons 
[17] that can lead to carbon contaminations  as it has been shown by 
AFM phase imaging [16]. 
 
Fig. 2. AFM investigation in XZ plane to measure the thickness of the 
HA layer; a) topography; b) derivative of the topography image 
highlights better the dimension the HA layer.  
The presence of the trapped charge caused photoluminescence 
which was imaged with diffraction-limited submicron range resolution 
using a laser scanning microscopy technique [16]. Here we successfully 
demonstrate direct imaging of these trapped charges with one order of 
magnitude higher resolution using s-SNOM. As the resolution in s-
SNOM depends on the dimension of the scanning tip much higher 
resolutions can be achieved with tips with smaller radius of curvature. 
s-SNOM investigations were conducted using a custom-made 
module working on a pseudo-heterodyne detection scheme [18, 19], 
which was implemented as an upgrade to a commercial Quesant Q-
Scope 350 AFM. In such AFM based configurations simultaneous s-
SNOM and AFM imaging is possible, as  the oscillatory movement of 
the cantilever tip, specific to the AFM tapping workmode, enables as 
well higher harmonic demodulation for s-SNOM imaging. The light 
source used for the s-SNOM investigations was a semiconductor laser 
with a 638 nm wavelength and 0.1 mW power. 
As a first step, simultaneous AFM and s-SNOM investigations have 
been performed. The AFM image (Fig. 3a) shows the absence of any 
topographic modification due to charge or carbon contamination. The 
AFM phase imaging (Fig. 3b), however, shows a disk shape 
corresponding to the carbon contamination [16]. The correspondence 
between the signals recorded by AFM phase imaging and carbon 
contamination has been previously discussed in [16]. The s-SNOM 
image (Fig. 3c) reveals a ring shaped structure which could be linked 
either to a change in the refractive index or to electric charge influence 
on the oscillating dipole, as hypothesized earlier. 
 
Fig. 3. AFM investigations on the HA sample; a) topography of the 
sample, revealing a flat surface; b) the same area investigated by AFM 
phase imaging, revealing a disk shape; c) s-SNOM image (second 
harmonic demodulation) of the same area, revealing a ring shaped 
structure.  
For correctly assessing the influence of the trapped surface charge 
towards s-SNOM image formation, we have eliminated all possible 
influences that might lead to artifacts, which could bias the conclusions.  
In a first step we assured that photoluminescence, topographic 
features and variations of the refractive index (due to the carbon 
contamination, for instance) didn’t introduce artifacts in the s-SNOM 
images that we had collected. 
Regarding the photoluminescence, it is known that hydroxyapaptite  has 
a very large band-gap (3.95 eV) [20]. This means that it yields no 
pholuminescence for  photon energy levels lower than the bandgap energy, 
which is the case of the visible range. However in same cases, the 
photoluminescence, having less energy than bandgap energy, was  detected 
and it could be attributed to localized energy levels (deep or schallow levels 
within bandgap) [16, 20]. These levels might even correspond to 
stoichiometry deviations in the crystallyne lattice or might be radiation 
induced. Previously we reported a photoluminescence effect when the same 
samples were illuminateed by Ar:ion laser beam (488 nm) [16]. No 
photoluminescence was detected when samples were excited with 633 nm 
(He-Ne) wavelength radiation. 
To verify if topography artifacts influenced in our case the content of 
the s-SNOM images, special attention was given to the scanning 
parameters and to the roughness of the sample’s surface. The scanning 
parameters were carefully chosen so that the AFM high-precision 
feedback system together with a low scanning speed assured for the 
absence of error signal artifacts [21]. Moreover, roughness analysis 
reported the absence of sample features with step-like topography 
edges. This assures the absence of edge-darkening effects, another 
important topography-related artifact [21]. Indeed, the surface of the 
sample can be considered almost flat, which is confirmed by an 
average roughness (Ra) of 0.33 nm and a root mean square (RMS) of 
only 0.43 nm. To investigate the influence of the refractive index in the 
s-SNOM image, the HA surface was investigated by using Digital 
Holographic Microscopy (DHM); we have used a setup based on a 
Mach-Zehnder interferometer working in reflection mode [22, 23]. The 
light source was a He-Ne laser of wavelength of 633 nm and a beam-
splitter was used for splitting the beam so as to produce the reference 
and the object waves. The holograms formed by the interference 
between the reference wave (a plane wave) and the object wave 
(reflected wave from the object) were captured with a CCD camera 
with 1024x1024 square pixels of 6.9 μm side. More details about the 
setup can be found in [24, 25]. DHM is capable of measuring the phase 
changes of the reflected light coming from the interface between HA 
and the underlying silicon dioxide layer. The differences of light phase 
are related to different optical path lengths in the sample and both 
geometric path and refractive index may influence the optical path. In 
our case the HA surface can be considered as flat as this has been 
shown by the performed AFM investigations. The surface of the silicon 
wafer is also flat and parallel to the HA surface. This ensured a constant 
geometric path along the surface of the sample. Thus, variations in light 
phase detected by DHM were generated only by variations of the 
refractive index. Note that the light phase images measured by DHM 
are only related to the optical path lengths and are essentially different 
from phase images acquired by tapping mode AFM, which gives 
information about phase variations in the oscillation of the AFM 
cantilever. Fig. 4 shows the DHM light phase image collected on a 
region where the charging procedure described earlier was applied. 
Further on, we have calculated the average DHM wave phase 
difference for a total number of forty charged regions situated on the 
same HA sample, in order to determine the refractive index difference 
which occurs between the disk areas and the area which surrounds the 
disks. Using a custom MATLAB code, each individual disk region was 
enclosed in a square with an area double than the area of the disk. 
Forty sub-images were obtained this way, each containing a single disk 
and a background region of the same area. For each sub-image, an 
image mask was created to differentiate the area exposed to the 
electron beam from the unexposed area. The image masks were 
created employing an edge detection algorithm based on the Canny 
method [26]. Using these masks, we have calculated the mean phase 
values for the disk areas and for the background areas. This procedure 
revealed a mean phase difference of 0.6±0.2 radians between the areas 
exposed to the electron beam and the unexposed areas. 
 
 
Fig. 4. Phase image of DHM investigation on the HA sample revealing a 
phase range between 0-1 radians.  
Taking into account that the HA layer has a thickness of 560 nm and 
that the refractive index of HA is about 1.65 [27] for the areas 
unexposed to the electron beam, the refractive index of the areas 
exposed to the electron beam has been derived to have a value of 
1.6±0.01. Thus, the index difference between the two regions is 
approximately 3%. 
An important question to answer is, do such refractive index 
variations (3%) have a notable influence towards the recorded s-
SNOM signals? For answering this question, we refer to our recent 
quantitative investigations regarding the dielectric function 
measurements with s-SNOM [28], which revealed a capability of 
measuring refractive index differences of more than 3.9% on SiO2 and 
more than 5.7% on Si. Thus, a 3% index variation is indeed too small to 
be currently visualized by our s-SNOM system.  
Summarizing, we demonstrated that the photoluminescence light 
does not influence the s-SNOM signal in our experiment.  Furthermore, 
provided that the sample’s surface is nearly flat and that it does not 
possess step-like topography edges, we conclude that the topography 
does not induce artifacts in the s-SNOM images. Moreover, the small 
change in refractive index (3%) revealed by DHM investigations and 
also the different shape (disk in DHM image, compared to ring shape in 
s-SNOM image) assure a negligible influence of the refractive index 
variation on the s-SNOM images. The absence of all these factors entitle 
us to conclude that the s-SNOM image collected in the frame of our 
experiment depict nothing else but the trapped charge that was 
injected by electron beam bombardment on the HA surface.  
Our experiment thus shows for the first time that s-SNOM can be 
employed for measuring trapped surface charge in dielectrics and 
semiconductors with sub-diffraction resolution. This can be 
particularly useful in semiconductor devices where lithographic 
patterning through e-beam lithography and reactive ion etching may 
leave areas with trapped charges. 
In conclusion, our experiments demonstrated that s-SNOM can be 
used to detect and map the surface trapped charge. This represents an 
important feature of s-SNOM systems especially for the cases when 
surface charge measurements with nano-resolution are needed. With 
more tools at hand for the assessment, characterization and tailoring of 
discrete electrostatic domains on biomaterials, such as hydroxyapatite, 
the scientific community will be able to expand the current 
understanding of the impact that surface charge holds over biological 
interactions between in-body elements and biomaterials. Such 
advancements are needed for developing novel surface charge 
patterning strategies that provide better integration of scaffolds and 
implants in the human body. 
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